The biosynthesis of the tyrosine-derived cyanogenic glucoside dhurrin involves N-hydroxytyrosine, (E)-and (Z)-p-hydroxyphenylacetaldehyde oxime, p-hydroxyphenylacetonitrile, and p-hydroxymandelonitrile as intermediates and has been studied in vitro using a microsomal enzyme system obtained from etiolated sorghum (Sorghum bicolor [L.] Moench) seedlings. The biosynthesis is inhibited by carbon monoxide and the inhibition is reversed by 450 nm light demonstrating the involvement of cytochrome P-450. The combined use of two differently prepared microsomal enzyme systems and of tyrosine, p-hydroxyphenylacetaldehyde oxime, and p-hydroxyphenylacetonitrile as substrates identify two cytochrome P-450-dependent monooxygenases: the N-hydroxylase which converts tyrosine into N-hydroxytyrosine and the C-hydroxylase converting p-hydroxyphenylacetonitrile into p-hydroxymandelonitrile. The inhibitory effect of a number of putative cytochrome P-450 inhibitors confirms the involvement of cytochrome P-450. Monospecific polyclonal antibodies raised toward NADPH-cytochrome P-450-reductase isolated from sorghum inhibits the same metabolic conversions as carbon monoxide. No cytochrome P-450-dependent monooxygenase catalyzing an N-hydroxylation reaction has previously been reported in plants. The metabolism of p-hydroxyphenylacetaldehyde oxime is completely dependent on the presence of NADPH and oxygen and results in the production of p-hydroxymandelonitrile with no accumulation of the intermediate p-hydroxyphenylacetonitnle in the reaction mixture. The apparent NADPH and oxygen requirements of the oxime-metabolizing enzyme are identical to those of the succeeding C-hydroxylase converting p-hydroxyphenylacetonitrile to p-hydroxymandelonitrile. Due to the complex kinetics of the microsomal enzyme system, these requirements may not appertain to the oxime-metabolizing enzyme, which may convert p-hydroxyphenylacetaldehyde oxime to p-hydroxyacetonitrile by a simple dehydration.
minal Cyt P-450 oxygenase which is responsible for substratebinding and 02-activation (29) . In animals, Cyt P-450 form a supergene family consisting of inducible and constitutive forms of Cyt P-450 involved in a variety of metabolic pathways and in the metabolism of drugs and xenobiotics (9) . Generally, the Cyt P-450 involved in biogenesis exhibit high substrate specificity whereas the Cyt P-450 in the catabolic processes have a broad substrate specificity (9) . Plant Cyt P-450 are less well characterized and plants generally contain lower levels of Cyt P-450 compared to animals (5) . Some of the earliest Cyt P-450-dependent reactions identified in plants are the trans-cinnamic acid 4-hydroxylation (22) , kaurene oxidation (28) , and omega-hydroxylation of lauric acid (2, 24) . Plant Cyt P-450 have been isolated from tulip (Tulipa gesneriana) bulbs (12) , from tubers of Jerusalem artichoke (Helianthus tuberosus) (8) , and from the mesocarp ofavocado (Persea americana) (20) . The avocado system has provided the N-terminal amino acid sequence of two homologous Cyt P-450 (20) . NADPH-Cyt P-450-reductases (EC 1.6.2.4. NADPH-ferrihemoprotein oxidoreductase) have been purified from Jerusalem artichoke (1) , sweet potato (Ipomoea batatas (7) , and Catharanthus roseus (13) . Amino acid sequence data on the plant reductases have not been reported.
In the present study, we have investigated the possible involvement of Cyt P-450 in the biosynthesis of cyanogenic glucosides. Seedlings of Sorghum bicolor (L.) Moench synthesizing the cyanogenic glucoside dhurrin (f3-D-glucopyranosyloxy-(S)-p-hydroxymandelonitrile) (10) have been used as the experimental system. The biosynthetic pathway involves tyrosine, N-hydroxytyrosine, (E)-and (Z)-p-hydroxyphenylacetaldehyde oxime, p-hydroxyphenylacetonitrile, and p-hydroxyphenylmandelonitrile as intermediates ( Fig. 1) (11, 14, 16, 17) . We demonstrate that the N-hydroxylation of tyrosine to N-hydroxytyrosine, and the C-hydroxylation of p-hydroxyphenylacetonitrile to p-hydroxymandelonitrile involves Cyt P-450. In addition, we present data indicating that the enzymatic conversion ofp-hydroxyphenylacetaldehyde oxime to p-hydroxyphenylacetonitrile proceeds as a simple dehydration reaction in spite of the earlier reported NADPH requirement of the reaction. (10) . The microsomal enzyme system was obtained as described by Halkier and Moller (10) and was prepared with 2 mm DTT in all buffers used (+SH microsomal enzyme system) or in the absence of DTT (-SH microsomal enzyme system). The +SH microsomal enzyme system catalyzes the multistep conversion of tyrosine to p-hydroxymandelonitrile, i.e. all but the last step in the biosynthesis ofdhurrin. The -SH microsomal enzyme system converts tyrosine to p-hydroxyphenylacetaldehyde oxime (17) .
MATERIALS AND METHODS

Determination of Biosynthetic Activity
Incubation of the +SH microsomal enzyme system with the cofactor NADPH and a substrate (tyrosine or any other 2 Abbreviations: -SH microsomal enzyme system, microsomal enzyme system prepared in the absence of DTT; Tricine, N-Tris-(hydroxymethyl)methylglycine; +SH microsomal enzyme system, microsomal enzyme system prepared in buffers containing 2 mM DTT. intermediate) results in the formation of p-hydroxymandelonitrile. p-Hydroxymandelonitrile dissociates quantitatively into HCN and p-hydroxybenzaldehyde (17) . Biosynthetic activity can therefore be monitored using a spectrophotometric cyanide assay (10) . In experiments with the -SH microsomal enzyme system, where p-hydroxyphenylacetaldehyde oxime is the major product formed, biosynthetic activity is monitored using '4C-labeled substrates and separation of intermediates and end products by HPLC (11) or TLC (17) . These two methods are more informative compared to the cyanide assay in that they permit the monitoring of individual steps of the pathway and the quantitation of intermediates accumulating in the reaction mixtures. In addition, the HPLC method allows the separation of the (E)-and (Z)-isomers of p-hydroxyphenylacetaldehyde oxime (1 1 Isolation of NADPH-Cyt P-450-Reductase NADPH-Cyt P-450-reductase was isolated using a modification ofthe procedure described by Benveniste et al. (1) . The +SH microsomal pellet (200 mg protein) was resuspended in 20 mL of 50 mM Tricine (pH 7.9) and 0.5 mM PMSF and was solubilized by addition of a 25% solution of Renex to a final detergent:protein ratio of 2:1 (w/w). After stirring for 30 min under a nitrogen atmosphere, an equal volume of 50 mM Tricine (pH 7.9), 20% glycerol, 0.2% Renex, 0.5 mM PMSF, and 0.2 mM DTT was added and the extract centrifuged at 160,000g for 1 h. The supernatant was applied to a column (2.6 x 7.0 cm) of DEAE-Sepharose (Pharmacia Fine Chemicals), equilibrated with 50 mm Tricine (pH 7.9), 20% glycerol, 0.2% Renex, 0.5 mM PMSF, 0.2 mm DTT (flow rate 25 mL/ h). The column was washed with equilibration buffer and the reductase eluted by applying a 2 x 400 mL linear gradient from 0 to 1.0 M KCl. Fractions containing reductase activity were combined, dialyzed overnight against H20, concentrated by ultrafiltration in an Amicon cell fitted with a PM-30 membrane and applied to a column (1.6 x 7.0 cm) of 2',5'-ADP-Sepharose (Pharmacia Fine Chemicals), equilibrated in 0.1 M potassium phosphate buffer (pH 7.9), 20% glycerol, 0.5 mM PMSF, 0.5 mm DTT, 0.1 mm EDTA, and 0.02% Renex (flowrate 20 mL/h). After thorough washing with equilibration buffer, the column was eluted by applying a 2 x 120 mL linear gradient from 0 to 1.0 M KCl and subsequently 1 M KCl in buffer. The fractions containing homogenous reductase were combined, dialyzed overnight against H20, and concentrated by ultrafiltration as above.
Antibodies to NADPH-Cyt P-450-Reductase
Antibodies to NADPH-Cyt P-450-reductase from sorghum were raised in rabbits by six repeated injections of 40 Mg reductase in 300 uL 10 mm potassium phosphate buffer ( 
Additional Analytical Procedures
Analytical SDS-PAGE was performed using 8 to 25% linear gradient separation gels prepared as described by Fling and Gregerson (6) . The concentration ofCyt P-450 was measured by difference spectroscopy using a molar extinction coefficient of 91 nM-' cm-' (2 1). NADPH-Cyt P-450-reductase activity was assayed as described by Benveniste et al. (1) . Protein concentration was determined using the method of Bradford (3).
RESULTS
Photoreversible Carbon Monoxide Inhibition of the Biosynthetic Activity
The biosynthesis of dhurrin is inhibited by carbon monoxide and the inhibition is reversed by 450 nm light (Table  I) . In experiments with the +SH microsomal enzyme system under normal assay conditions, it has previously been demonstrated that only low levels of intermediates between tyrosine and the end product p-hydroxybenzaldehyde accumulate (Table I ). The specific effect of carbon monoxide on the conversion of tyrosine to p-hydroxyphenylacetaldehyde oxime was further studied using the -SH microsomal enzyme system (Table I) . Under normal assay conditions, tyrosine is converted to p-hydroxyphenylacetaldehyde oxime with only minor amounts of p-hydroxybenzaldehyde being produced (17, 18 (21) . Based on the carbon monoxide difference spectra, the approximate content of Cyt P450 in the sorghum microsomal preparation is 0.1 nmol/ mg protein (Fig. 2) . Potts et al. (22) have previously reported a similar Cyt P-450 content of microsomal preparations from sorghum and have shown that part of this Cyt P-450 is associated with trans-cinnamic acid-4-hydroxylase.
Effect of Cyt P-450 Inhibitors on Biosynthetic Activity
The effect of putative Cyt P-450 inhibitors on the biosynthetic activity is shown in Table II (Fig. 3) as substrates. Small amounts of p-hydroxyphenylacetonitrile accumulates in the absence of inhibitors when [U-'4CJ(Z)-oxime is used as substrate (Fig. 3a) .
Effect of Antibodies Toward NADPH-Cyt P-450-Reductase on Biosynthetic Activity NADPH-Cyt P-450-reductase was purified essentially as described by Benveniste et al. (1) . The progress in purification was monitored by SDS-PAGE and activity measurements. The isolated protein has an apparent molecular mass of 82 kD and is homogeneous as judged from Coomassie brilliant blue staining of the SDS-polyacrylamide gel (Fig. 4) . The molecular mass is in accordance with those reported for other NADPH-Cyt P-450-reductases isolated from plants (1). Antibodies toward the isolated reductase were raised in rabbits and the specificity of the purified antibodies was examined by Western blotting (Fig. 4) . The antibodies recognize a single polypeptide component at an electrophoretic mobility identical to that of the isolated reductase. Although the microsomal enzyme system is highly active with respect to dhurrin synthesis, the preparation does not contain a distinct Coomassie brilliant blue stained polypeptide comigrating with the purified reductase. This confirms our earlier conclusion that (Fig. 3a) , but are too low to be detected by the HPLC method (Table IV) . In the absence ofNADPH, no metabolism of the oximes occurs. This is also observed upon administration of the (E)-or (Z)-oxime to the +SH microsomal enzyme system in a carbon monoxide atmosphere independent on the presence or absence of NADPH (Table IV) . These results indicate that the oxime-metabolizing enzyme has a requirement for NADPH and oxygen (see, however, "Discussion"). 
DISCUSSION
The biosynthesis of cyanogenic glucosides involves oxygen and NADPH-dependent monooxygenases catalyzing the N-hydroxylation of the parent amino acid to an N-hydroxyamino acid (17, 19) and the C-hydroxylation of a nitrile intermediate to an a-hydroxynitrile (23, 30) . In sorghum, the two monooxygenases can be studied separately by feeding tyrosine as substrate to the -SH microsomal enzyme system and by feeding p-hydroxyphenylacetonitrile as substrate to the +SH microsomal enzyme system. In the present study, we demonstrate that the monooxygenases are Cyt P-450-dependent as evidenced by photoreversible inhibition by carbon monoxide and by inhibition of the respective enzymatic activities with typical Cyt P-450 inhibitors. The electrontransferring NADPH-Cyt P-450-reductase is a substrate-unspecific component of Cyt P-450-dependent monooxygenases. In agreement with the involvement of Cyt P-450 in the conversion of tyrosine to N-hydroxytyrosine and in the conversion of p-hydroxyphenylacetonitrile to p-hydroxymandelonitrile, monospecific antibodies toward NADPH-Cyt P-450-reductase from sorghum and Jerusalem artichoke inhibit the activity of the monooxygenases. The conversion of tyrosine to p-hydroxyphenylacetaldehyde oxime has previously been reported to be insensitive to carbon monoxide (17) . We offer no obvious explanation for these conflicting data, except that the much higher enzyme amounts and the less sensitive analytical methods previously used may have blurred the inhibitory effect. We designate the two Cyt P-450-dependent monooxygenases the systematic names L-tyrosine, NADPH:oxygen oxidoreductase (N-hydroxylating) (EC 1.14.13.X) andp-hydroxyphenylacetonitrile, NADPH:oxygen oxidoreductase (2-hydroxylating) (EC 1.14.13.X). No Cyt P-450-dependent monooxygenase catalyzing an N-hydroxylation reaction has previously been reported from plants.
Inhibition of a single step in a biosynthetic pathway is expected to result in accumulation of the intermediate which is the substrate of the inhibited reaction. In the present study, the use of carbon monoxide as inhibitor should therefore result in reduction of tyrosine metabolism and in the accumulation of p-hydroxyphenylacetonitrile. As (26) . In vitro studies using a microsomal system isolated from darkgrown seedlings of Triglochin maritima have shown p-hydroxyphenylacetonitrile to be the best substrate for cyanide production (4) . These data provide strong support for the involvement of nitrites as intermediates in the biosynthesis of cyanogenic glucosides. The microsomal enzyme system isolated from sorghum exhibits catalytic facilitation or 'channeling' of N-hydroxytyrosine, (E)-p-hydroxyphenylacetaldehyde oxime and p-hydroxyphenylacetonitrile, i.e. when produced in situ by the microsomal enzyme system, these intermediates are preferentially metabolized compared to the same intermediates when exogenously added (11, 18) . Channeled intermediates are difficult to detect in the biosynthetic reaction mixtures and the observed lack of accumulation of the nitrile in the present inhibition study might reflect the complex kinetics of the multifunctional enzyme system (11, 17, 18) , so that in situ accumulation of the channeled nitrile results in efficient feed-back inhibition of the enzyme converting the oxime to the nitrile. Accordingly, inhibition of the nitrile hydroxylase by carbon monoxide and Cyt P-450 inhibitors will be detected as accumulation of the oxime and result in an apparent Cyt P-450-like behavior of the oxime-converting enzyme.
The association between carbon monoxide and different Cyt P-450 varies and is dependent on the presence or absence of substrates (25, 27) . No intermediates accumulate in the standard reaction mixtures using the +SH microsomal enzyme system, whereas the oxime accumulates in the presence of carbon monoxide. This indicates that the tyrosine N-monooxygenase is less sensitive to carbon monoxide than the C-monooxygenase (p-hydroxyphenylacetonitrile 2-monooxygenase).
The proposed feed-back inhibition of p-hydroxyphenylacetonitrile on the oxime-converting enzyme may explain why it is difficult to separately study the conversion of p-hydroxyphenylacetaldehyde oxime to p-hydroxyphenylacetonitrile. Chemically, this conversion is a simple dehydration. Nevertheless, the metabolism of the oxime has an absolute requirement for the presence of oxygen as well as of NADPH. Equal amounts ofp-hydroxybenzaldehyde are produced from the (E)-and (Z)-oxime (Table IV) and no p-hydroxyphenylacetonitrile accumulates in the reaction mixtures. From the data presented in Table IV Addition of antibodies toward NADPH-Cyt P-450-reductase to microsomal reaction mixtures containing the +SH microsomal enzyme system inhibits the overall p-hydroxybenzaldehyde production from tyrosine, (Z)-p-hydroxyphenylacetaldehyde oxime and p-hydroxyphenylacetonitrile (Table III) . In microsomal fractions isolated from animals, transfer of reducing equivalents from NADPH to Cyt P-450 is the rate-limiting step in Cyt P-450-dependent hydroxylations (29) . The stoichiometric ratio between the reductase and Cyt P-450 is approximately 1 to 20 (29) , indicating that each reductase molecule is shared by several molecules of Cyt P-450. When tyrosine is administered to the +SH microsomal enzyme system in the absence or presence of antibodies toward the reductase, no intermediates accumulate in the reaction mixture. Since the metabolism of the oxime and the nitrile is inhibited by the antibodies, this demonstrates that the initial N-hydroxylation reaction is the rate-limiting step and that the inhibition of the initial N-hydroxylation reaction by the antibodies results in such a reduced flow of interme-diates through the system, that none of the subsequent steps are rate-limiting.
In conclusion, we have demonstrated the involvement of two Cyt P-450-dependent monooxygenases, tyrosine N-monooxygenase and p-hydroxyphenylacetonitrile 2-monooxygenase, in the biosynthesis of dhurrin and have obtained data which indicate that the conversion of p-hydroxyphenylacetaldehyde oxime to p-hydroxyphenylacetonitrile proceeds as a simple dehydration reaction.
